Abstract-This paper describes the design of a textile microstrip antenna for 2.4 GHz. Two different fabrics are used: one for the dielectric part and another one for the conductor part. The dielectric constant of the dielectric fabric is determined experimentally. The input matching is studied by electromagnetic simulation and experimentally. Since the antenna is meant to be incorporated in the user's clothe, the effect that the antenna bending has on the matching level is also investigated both theoretically and experimentally.
INTRODUCTION
Recently there has been an increasing interest in body worn antennas for body centric applications [1] . In the technical literature there can be found examples of antennas using flexible fabrics [2] [3] and also some examples of antennas exploiting metallic devices normally available in the cloth, like buttons [4] or belts [5] . The use of conducting fabrics enables the integration of antennas within the user's clothing with minimum intrusion. However, the close vicinity of the human body will change the antenna geometry and, in turn, modify the antenna behavior, namely, the frequency of operation, radiation pattern and efficiency (due to the absorption by the human body).
In this paper, the design of a nearly square microstrip antenna using commercially available conducting and dielectric fabrics is presented. A method is presented and used to measure the permittivity and loss tangent of the dielectric fabric. Finally, the bending effect of the antenna on the input matching is studied both theoretically and with measurements.
II. FABRICS CHARATERIZATION

A. Conductor fabric
The fabric used for the conducting parts of the antenna is the Pure Copper Polyester Taffeta Fabric, manufactured by LessEMF [6] , which is meant to be used in electromagnetic shielding applications. For the antenna design, the relevant parameter is the conductivity, which is not provided by the manufacturer. Instead, the surface resistivity is indicated. where R s is the surface resistivity, in Ω/sq, σ is the conductivity and t is the thickness of the material. For a surface resistivity of 0.05 Ω/sq and a thickness of 0.08 mm, a conductivity of 250x10 3 S/m is obtained.
B. Dielectric Fabric
For the dielectric part of the antenna, a 2 mm thick felt fabric is used. A good characterization of this material, namely an accurate knowledge of the permittivity and loss tangent, is very important since the behavior of a microstrip antenna is strongly dependent on these parameters.
To characterize the felt used in this work, a two layer microstrip line with two ports was used. The cross section of the setup is shown in figure 1 . The dielectric layer associated with ε r2 is of a known material and is used to support the line. The dielectric layer associated with ε r1 is the unknown material to be characterized (in this case, the felt). The width of the line and the value of ε r2 are chosen so that the characteristic impedance of the line is different from 50 Ω. The length of the line (not shown in the figure) is chosen so that its electrical length is 0.5λ around 2.4 GHz, where is the wavelength in the two layer microstrip line.
Since a felt fabric will have a moderately large content of air in its constitution, a low value of ε r is expected. Hence, in the dimensioning of the prototype it was assumed that the relative permittivity of felt is somewhere between 1 and 3. With the aid of electromagnetic simulation, a prototype with the following dimensions and electrical properties was dimensioned (lengths are in mm): L=40; Ws=3; w=30; h 1 =2.5; h 2 =2; ε r2 =10.2. L stands for the length of the line a W s stands for the width of the ground plane. A photo of the prototype is shown in figure 2. The behavior of the setup is such that the connection between port 1 and 2 and the line will always be mismatched except for the cases where the length of the line is a integer number of half wavelengths. The first frequency at which this will happen, hereafter denoted by f m , is precisely 0.5λ. At this frequency one can then write
Given that
with the use of (2) and (3) the effective permittivity of the two layer microstrip line can be obtained from the measurements using 
The value of f m can be measured with a network analyzer and then the value of ε r2 can be extracted with the CAD formula presented in [7] .
In figure 3 the measurement of the S 12 with felt in the second layer is shown. Given the softness of the material, a different pressure in the felt will produce a variation in its thickness. Therefore, several measurements were made, five of which are shown in the figure. It can be seen that both the matching level and best matched frequency varies in the different measurements. Therefore a mean of the several measurements, also shown in the figure, was computed. The value of relative permittivity was then calculated from this mean. An ε r1 of 1.71 was o.
The loss tangent was estimated with the aid of electromagnetic simulation. The prototype was simulated with the measured permittivity of felt and the loss tangent was varied until the simulated and measured mean value of S 11 fairly agreed. With this procedure a loss tangent of 0.034 was estimated. III. ANTENNA DESIGN
A. Flat microstrip antenna
Using the felt described in section II, a simple nearly squared microstrip antenna was designed, through electromagnetic simulation, so as to present a good matching level at 2.4 GHz. The geometry is shown in figure 4 and a photo of the prototype is shown in figure 5 . The simulated and measured S 11 are presented in figure 6. It can be seen that a theoretical bandwidth of 100 MHz is obtained (S 11 < -10 dB) around 2.4 GHz. The measured S 11 presents acceptable agreement with the expected values, although a slightly higher resonance and lower matching level is obtained. Since a microstrip antenna is a narrowband antenna, a small error in the permittivity measurement can be the reason for the higher resonance. Also, the fact that the antenna was sewed to the felt might have led to a slight reduction of the dimensions thus leading to an higher resonance frequency. As this work focus mainly on the bending effects, no further improvements to the structure are performed, but the antenna could be tuned by just increasing the L dimension and adjusting the feed point.
B. Bended antenna
The antenna is meant to be placed on the user's body. Therefore, some deformation of the structure as the user moves is expected. To gain some knowledge about how the antenna behavior changes as it is deformed, some tests in a controlled environment will be performed. The antenna will be placed and bended over a cylinder (hollow dielectric pipe), which can be a somewhat representative model of an arm or a leg. Two different cylinders will be used, as shown in figure 7 . The bending will be performed in two different scenarios: bending along de W dimension, as shown in figure 8 , and bending along the L dimension, as shown in figure 9. The experimental setup is shown in figure 10 . One of the cylinders used has a radius of 55 mm and the other has a radius of 35 mm. The effect on the matching level for all the bended scenarios are shown in figures 11,12,13 and 14. It can be seen that the effect expected from simulation is the same as that obtained in the measurements, i.e., an increase in the resonance frequency (here defined as the minimum of the S 11 ). This effect is independent of the radius of the cylinder or the dimension along which the bending is being performed. By comparing figures 11 and 12 or figures 13 and 14, it can be seen that the smaller the radius, i.e., the strongest the bending, the higher the detuning will be. Also, by comparing figures 11 and 13 or comparing figures 12 and 14, it can be seen that the effect is stronger if the bending if performed along de L dimension. In the examples showed, the detuning associated with bending along the L dimension was so strong that there is almost a total loss of the bandwidth, i.e, there's no overlap between the original bandwidth and the bandwidth of the bended antenna. 
CONCLUSIONS
It was shown that the use of commercially available fabrics can be used to design antennas that can be incorporated in the user's cloth thus reducing intrusion. However, the user movement can harshly degrade the antenna operation. In the antenna described in this paper the most severe effect appeared when the antenna was bended over the L dimension. In both cases a total loss of the bandwidth of the flat version of the antenna was obtained.
